ABSTRACT An in vitro replication system has been used to study the origin and direction of replication of the covalently closed, circular DNA of plasmid RSF1030, a nonconjugative R factor. We have enriched for replicative intermediates in these studies either by isolating them on the basis of their unique structure or by limiting the extent of synthesis in the in vitro system. Circular molecules that have replicated to various extents migrate to characteristic positions in agarose gels, thus providing a rapid and efficient method for isolating partially replicated forms. Alternatively, replicative intermediates can be isolated directly from reaction mixtures that contain dideoxyTTP (ddTTP), a compound that limits the average extent of synthesis in vitro. Electron microscopic analysis of such intermediates linearized with either Hpa I or BamiHI indicates that RSF1030 replicates in vitro from a unique origin located 70% from one end of Hpa I-cleaved molecules and 47% from the BamHI site. The unidirectional mode of replication has been confirmed by the order in which the six HincII fragments of RSF1030 DNA are labeled in vitro when synthesis is limited to various extents with ddTTP. Finally, a physical map of RSF1030 has been constructed using the restriction endonucleases BamHI, Hpa I, and HincII, and the origin and direction of replication have been defined relative to the map. The various known species of bacterial plasmids vary widely in their modes of replication. The plasmids ColEl (1-3) and pSC101 (4), for example, replicate unidirectionally from a unique origin. The conjugative plasmids R6K and RSF1040, however, possess two initiation sites and one termination site. Replication of these plasmids usually proceeds exclusively from one or the other of the two initiation sites, although both are occasionally used simultaneously (5, 6). These plasmids are unusual in that replication is asymmetrically bidirectional; that is, it begins at an origin and proceeds in one direction to the terminus before proceeding in the opposite direction from the same origin to the same termination point. Yet another plasmid, RSF1010, replicates either unidirectionally or bidirectionally with equal probability from a unique origin (7).
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RESULTS
Restriction Enzyme Mapping of RSF1030 DNA. A restriction enzyme map of the BamHI, Hpa I, and HincIl sites on RSF1030 DNA has been constructed. Both BamHI and Hpa I cleave RSF1030 DNA only once, producing linear molecules. HinclI cleaves the molecule into six fragments, the sizes of which are shown in Fig. 1 . Molecular weights were determined by using Hpa I fragments of phage T7 DNA as size standards (12) .
The map positions of the HincII fragments have been determined by the double-blotting technique (10) . A partial HincIl digest of RSF1030 (10 ,ug) was run on an agarose gel and transferred to nitrocellulose filter paper. A second gel, containing 1 ,Ag of a complete HincII digest that had been labeled with [a-32P]dTTP in a nick translation reaction using pancreatic DNase and DNA polymerase I, was run. The DNA was transferred under hybridizing conditions from the second gel to the filter paper containing the partial digest, at a 900 angle to the first gel. By determining the combinations of 32P-labeled fragments that hybridize to each partial fragment, one can construct a restriction map. The sets of fragments DF, CDF, CDE, AF, and BE existed in the set of partial digests, indicating a map order of ABECDF.
In order to position the BamHI and Hpa I cleavage sites relative to the HincII map, we analyzed BamHI/Hpa I and BamHI/HincII double digests by gel electrophoresis. The BamHI site is located within the HinclI E fragment, and the Hpa I site is the same as the HincII site between HinclI fragments C and D. Hpa I cleaves at a subset of HincIl sites, due to the overlapping sequence recognitions of the two enzymes (13) The restriction map derived from these results is shown in Fig.   1 .
Isolation of Replicative Intermediates. In order to characterize the mode of replication of RSF1030, we studied replicative intermediates by electron microscopy. Replicating molecules were prepared in an in vitro plasmid replication system. Synthesis was carried out with [a-32P]dTTP as described in the legend to Fig. 2 , and the products were run on a 0.7% agarose gel (Fig. 2) Molecules isolated from agarose gels, cleaved with BamHI, and observed by electron microscopy are shown in Fig. 3 a- (1979) ddTTP, cleaved with Hpa I, and observed by electron microscopy. Molecules containing internal loops were scored. The lengths of both unreplicated arms and the average length of the replicated loop were measured. In molecules that were <5% replicated, the unreplicated arms were approximately 70 and 30% of the total length. The long arm was designated L1, and the short arm L2. Fig. 4 is a plot of the lengths of L1 and L2 measured as a percentage of the total length of the molecule against the extent of replication. The length of L1 decreases as replication proceeds, while the length of L2 stays constant until the molecule is 70% replicated. Thus, replication is unidirectional for at least 70% of the molecule.
These data indicate that in this in vitro system replication of RSF1030 DNA begins at a unique origin located 70% from one end of Hpa I-cleaved molecules and 47% from one end of BamHI-cleaved molecules and proceeds by a unidirectional mechanism for at least 70% of the molecule. We have observed only four molecules that are greater than 70% replicated. These include one Hpa I-cut molecule with the termination point 9% of the molecular length away from the origin and three BamHI-generated double-forked molecules like the one shown in Fig. Se . The structures of these molecules suggest that the termination point is, in fact, at or near the origin of replication.
The origin of replication has been positioned on the restriction map shown in Fig. 1 relative to the HincIl cleavage sites. The i proximately 50% and the Hpa I site approxi molecular length of RSF1030 away from th rection of replication. Gel Electrophoresis Mapping of Origin Replication. We have also studied the origi RSF1030 replication by determining the oi HincII fragments are labeled in vitro. DNA i were carried out in vitro in the presence of ( of ddTTP in order to allow replication to pro 53, and 76% of the maximum obtained in the absence of ddTTP.' Products were digested with HincI, run on agarose gels, stained with EtdBr, photographed, and autoradiographed. The results are shown in Fig. 5 . The EtdBr-stained gel (Fig. 5a) shows the normal HinclI pattern of six bands regardless of the extent of replication. In addition, at greater extents of replication a new, high molecular weight band designated A' appears (lanes k and 1). The autoradiogram in Fig. Sb shows a (1, 2) and in vitro (3) begins at a unique origin and proceeds unidirectionally, so that the in vitro events do mimic those occurring in vivo. We have shown (unpublished data) that RSF1030 replication in vitro corresponds to that seen in vivo in requiring both DNA polymerase I and RNA polymerase (9, 14) . In addition, at least eight other proteins known to be required for host chromosome replication are also required for in intro RSF1030 replication (unpublished data). We therefore anticipate that in ivo replication of this plasmid will begin at the same origin used in vitro and proceed primarily by a unidirectional mechanism.
RSF1030 resembles ColEl in many of its replicative properties. Both are present as multicopy pools in logarithmic phase cells (9, 15) and continue to replicate in the presence of chloramphenicol so that up to 3000 copies accumulate per cell. The two plasmids are also similar in their requirements for DNA polymerase I (14) and RNA polymerase (9, 16) . We can now add a unidirectional mode of replication to this list of similarities. Although these two plasmids appear unrelated on the basis of sequence homology, only future experiments will determine if they share some limited common sequences or structural features or both near the origin of replication.
